Abstract A multi-zone particulate filter (MPF) model from reference [1] was extended to analyze temperature and particulate matter (PM) distribution within each axial and radial zone of the filter substrate. A parametric study was used to determine the optimum required number of zones in the MPF model in the range of 5×5 to 20×20 zones for aftertreatment control applications. The MPF model with 10×10 zones was optimum and ran 12.2 times faster than real time. The 10×10 zone MPF model was calibrated using eighteen runs of data from a 2007 Cummins ISL engine that consisted of passive and active regeneration data sets for ultra-low-sulfur diesel (ULSD), diesel blend (ULSD) with 10 % biodiesel (B10), and diesel blend (ULSD) with 20 % biodiesel (B20) fuels. The MPF model was accurate, with maximum root mean square (RMS) error of 2.1 g for predicting PM loading and RMS error of within 10°C for predicting temperature distribution within the filter. The PM distribution trends simulated by the MPF model were in good agreement with the experimental data measured using a terahertz wave scanner. The study of PM distribution during loading and at the end of PM oxidation (passive oxidation and active regeneration) showed that the PM oxidation by active regeneration leads to greater non-uniform PM loading of the filter compared to the passive oxidation as quantified using the uniformity index (UI) which was developed in the research to quantify the PM and temperature distribution.
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Introduction
Catalyzed particulate filters (CPF) are widely used to meet current and future heavy-duty diesel emission regulations. The heavy-duty emission regulations also require on-board diagnostics (OBD) to monitor the performance of the emission control system during in-use vehicle operating conditions. An advanced model for potential use for controls such as one developed in reference [1] can monitor the performance of CPF (temperature and particulate matter (PM) distribution within the filter). The multi-zone particulate filter (MPF) model developed in reference [1] showed good capability to predict temperature and PM distribution within the filter and has the potential for control capability with further development. This work builds upon our previous MPF modeling study [1] and presents (i) new detailed model validation with extensive experimental data and (ii) detailed experimental and modeling analysis of the CPF. The simulation of PM distribution trends of the multi-zone model intended for the electronic control unit (ECU) application is the key outcome of this research, and authors are not aware of any previous research work related to this work especially for a multi-zone CPF model for ECU applications. In this research, an extensive analysis and validation of ECUbased multi-zone model using the real engine experiments for wide range of passive oxidation and active regeneration test conditions were carried out. They include (i) comparison and analysis of experimental internal filter substrate temperatures with the simulation data; (ii) comparison and analysis of engine experimental PM distribution trends measured by the terahertz wave scanner with the PM mass distribution simulation data; (iii) validation of simultaneous PM loading and oxidation model results with the engine experimental data (PM mass retained); (iv) prediction and analysis of uniformity index for PM loading, substrate temperature, and reaction rates for both passive oxidation and active regenerations; and (v) a comprehensive assessment (discretization size, model run time, and accuracy) of MPF model capability to run in an engine ECU for predicting the temperature and PM loading distribution within the CPF. This real-time running capability of the MPF model will aid in regeneration control and monitoring the performance of CPF to meet OBD requirements which are the uniqueness of this research and such model validation and analysis with real engine data is not documented in any of the earlier research that the authors are aware of.
The overall objective of this research is to analyze the temperature and PM distribution of a CPF for ultra-low-sulfur diesel (ULSD), diesel blend (ULSD) with 10 % biodiesel (B10), and diesel blend (ULSD) with 20 % biodiesel (B20) fuels based on engine experimental data for passive oxidation and active regeneration conditions by extending the MPF model developed in reference [1] .
To present the approach to fulfill the above objective, the paper is organized into seven components of research:
1. Review the literature related to multi-dimensional temperature and PM distribution modeling and experimental investigations. 2. Study the effect of the number of axial/radial zones on model run time and accuracy as related to the measured temperature data using the MPF model. 3. Analyze the PM kinetics and PM distribution of the CPF for ULSD, B10, and B20 fuels using the experimental data [2] [3] [4] [5] for passive oxidation and active regeneration test conditions. Determine the model prediction accuracy related to PM mass retained and temperature distribution. 4. Analyze the PM distribution trends predicted by the MPF model during loading and at the end of PM oxidation (passive oxidation and active regeneration) with the experimental results presented in references [6, 7] . 5. Develop uniformity index (UI) analysis methodology to describe temperature and PM distribution from the model. 6. Compare and analyze the temperature UI and PM loading UI differences of passive oxidation and active regeneration experiments. 7. Analyze the data to determine the influence of fuel type on PM oxidation rate, temperature, and regeneration time.
Literature Review
The literature review is organized into two parts. First, prior research work in the area of multi-dimensional temperature and PM distribution modeling is presented. Then, a review of experimental investigations related to PM distribution is provided.
Multi-Dimensional Temperature and PM Distribution Modeling Efforts
Konstandopoulos et al. [8] developed a continuum-based multichannel model and used varying PM loading distribution profiles to study PM loading non-uniformities and their effect on the regeneration process (duration and maximum filter temperature). This study shows that the regeneration time was shorter (20-30 % faster regeneration) when the filter was loaded more towards the front compared to the uniform loading case for an identical total PM loading. The maximum filter substrate temperature between both cases (more loading at front versus uniform loading) was close to each other. Yi [9] developed a 3-D macroscopic model to simulate PM loading distribution within the filter. This study shows that the PM accumulation is more near the centerline of the filter compared to other sections due to the higher exhaust flow rate at the center section for the given test geometry. Ranalli et al. [10] also showed similar findings with 3-D computational fluid dynamics (CFD) simulations that PM loading is maximum at the central regions of the filter attributing it to higher mass flow rate and flow velocity in that section compared to other places for the given test geometry. Kostoglou et al. [11] used the continuum-based multichannel model to illustrate how PM regeneration is affected by the non-uniformities in inlet flow and temperature, local hot spots, and heat losses from a filter can. The study shows that, with the non-insulated filter can and with radially uniform flow and temperature conditions, the regeneration efficiency is lower at the outer surfaces of the filter due to lower exhaust gas temperature (caused by the thermal boundary layer). Koltsakis et al. [12] presented a comprehensive summary of 3-D filter modeling and used PM loading distribution plots to highlight the effect of flow maldistribution on filter loading. The 1-D model in reference [13] simulated the axial variation in PM cake layer thickness assuming the PM deposition rate is proportional to wall flow velocity and showed the increased PM cake layer thickness towards end of CPF compared to other sections for the passive oxidation (PO) and active regeneration (AR) cases studied in the reference [13] . The 1-D model developed in reference [13] also needed a correction to the input data while simulating the AR engine experimental data. This is mainly to account for the temperature and PM maldistribution of CPF. The authors believe this model of the diesel particulate filter (DPF) [1] along with the extensive comparison to experimental data provide significant contribution to the modeling literature because it can be used in an ECU and for design computations and it has the potential to overcome the problem of the 1-D model not being able to predict delta P under AR transient conditions as was shown by Premchand et al. [13] and Premchand [14] .
Experimental Investigations of PM Distribution in Filter
Several experimental techniques have been developed to determine PM distribution within the filter. They include both destructive and non-destructive methods. The non-destructive methods are advantageous as they allow for repeat tests. Ranalli et al. [10] developed a methodology for a qualitative assessment of radial PM distribution of a loaded filter using Laser Doppler Anemometer (LDA) analysis and thermographic analysis. This method was not capable of analyzing the axial PM distribution within the filter substrate. The LDA analysis of the loaded filter showed that the low flow and velocity test conditions yield uniform loading of the filter and the higher flow and velocity conditions resulted in nonuniform loading. Pinturaud et al. [15] used velocity profiles determined from the anemometer to show the radial PM distribution. Based on the experimental study, during loading and active regeneration, the PM distribution is uniform in the radial direction. The radial PM distribution is more uniform at lower filter loading (<0.7 g/L) and it was "quasi-uniform" at the higher level of loading (6.6 g/L). This was attributed to the cone in front of the filter causing more PM loading (flow and velocity) towards the center of the filter compared to other surfaces radially. The axial PM distribution studies were also carried out using scanning electron microscopy (SEM). The study shows that PM cake loading is maximum at the end of the channel and minimum at the entrance. The PM loading of >1.3 g/L shows a transition from deep bed filtration to cake filtration. The axial PM distribution tends to become more uniform at higher loading compared to lower loading. The study also shows that during active regeneration, the PM oxidation tends to homogenize the PM distribution along the axial direction. Bensaid et al. [16] carried out an experimental study using field emission scanning electron microscopy (FESEM) to determine the axial and radial PM distribution of a whole DPF during the loading process. The study shows that the PM cake layer thickness along the radial direction is affected by the inlet pipe geometry due to the inlet flow distribution. Foley et al. [17] developed a methodology to quantify the 3-D PM distribution measured using a terahertz wave scanner which is used as the reference in this paper to compare PM loading trends predicted by the MPF model. Unlike the SEM measuring technique, the terahertz wave scanner is the non-destructive experimental techniques available to quantify 3-D PM distributions within the filter and hence reducing the experimental variations. From the above review, it is evident that the PM distribution within the filter is non-uniform and the distribution varies based on inlet flow and velocity distribution, radial temperature distribution (up to 40°C observed in this study during PM oxidation by passive oxidation and active regeneration), and the axial porous wall velocity. The non-uniform temperature distribution affects the PM distribution within the filter, regeneration efficiency and hence durability of the CPF. The MPF model that could be developed for an engine electronic control unit (ECU) application was presented in reference [1] and showed good capability to predict temperature and PM distribution within the CPF.
In this research, the MPF model from our previous work [1] was extended to include temperature and PM loading uniformity index analysis of the CPF. There were eighteen experimental runs comprised of ULSD, B10, and B20 fuels. The model simulation results were compared with experimental results presented in references [2] [3] [4] [5] for PM mass retained and temperature distribution. The PM distribution simulated by the MPF model was also compared with terahertz wave scanner PM distribution data presented in references [6, 7] . The details of experimental data used for the model validation is presented in Section 3.
Experimental Data
The experimental study was carried out on the Cummins 272 kW 2007 ISL engine with diesel oxidation catalyst (DOC) and CPF aftertreatment devices. Experimental data collected by Shiel et al. [2, 4] and Pidgeon et al. [3, 5] at eighteen different operating conditions was used to calibrate the model developed in reference [1] .
The specifications of the engine and aftertreatment system are shown in Tables 1 and 2 , respectively. The test summary of eighteen test runs used in this study is shown in Table 6 (six passive oxidation experiments) and Table 7 (twelve active regeneration experiments) in Appendix 1. The experiments were performed with three fuels-ULSD, B10, and B20 blends. The properties of test fuels used for the experiments are documented in references [2, 3] .
Passive Oxidation Experiments
An overview of the passive oxidation experimental test procedure is shown in Fig. 1 . The passive oxidation experiment starts with the CPF clean out phase where the engine was operated at active regeneration test condition (600°C for 15 min to cleanup CPF) followed by stage 1 loading of filter with a DOC inlet temperature of 265 +/− 10°C for 30 min. Then, the stage 2 loading starts after weighing of the filter at the end of stage 1. The engine operating conditions for stage 2 loading is the same as stage 1. The stage 2 loading continues to achieve a target filter loading of 2.2 +/− 0.2 g/L. At the end of stage 2 loading, the filter was weighed again and the test was continued further with the ramp up (RU) phase for 15 min before switching to the passive oxidation phase to achieve a stable filter temperature for PM oxidation. The engine operating conditions for the RU phase is the same as those in stages 1 and 2 loading conditions. The purpose of the RU phase is to achieve similar substrate temperature as stage 1 and stage 2 loading before PM oxidation. During the stage 2 CPF weighing process, the CPF temperature is dropped to a lower value and hence, after reinstalling the CPF in the engine, the engine was operated at RU phase (engine operating conditions same as stage 2) for 15 min to achieve a similar stable temperature as stage 2 loading condition before switching to the passive oxidation phase. Following the RU phase, the engine was operated at the passive oxidation test conditions (engine speed and load at which there is a significant PM, nitrogen dioxide (NO 2 )/NO x ratio, and temperatures >300°C) for a predetermined duration and at the temperatures listed in Table 6 in Appendix 1. Upon completion of the passive oxidation phase, the engine was operated at stage 3 loading conditions (engine conditions are the same as stage 1 and 2) for 30 min and then the filter was weighed to determine the filter weight. Then, the test was continued further with stage 4 loading for 60 min and then the filter was weighed again to determine the post-loading weight of the filter. The experimental data from these tests (temperature distribution, PM loading) are used in this study for the validation of the MPF model of Fig. 1 Overview of the stages of the passive oxidation experiments in this study-adapted from reference [2] the CPF and for the analysis of the kinetic parameters of the model for NO 2 assisted PM oxidation.
Active Regeneration Experiments
An overview of the active regeneration experimental test procedure is shown in Fig. 2 . The CPF clean out phase, stage 1-2 loading, RU of 15 min, and stages 3-4 loading are similar to the passive oxidation experimental data. In the RU, the engine was operated at stage 2 loading conditions for 15 min or until the DOC inlet temperature has stabilized at 265±10°C and then the active regeneration ramp phase for 10 min or until the DOC inlet temperature has stabilized at 325±10°C to stabilize the CPF temperature prior to active regeneration. The active regeneration phase was continued for a predetermined amount of time at the specified CPF inlet temperatures listed in Table 7 in Appendix 1. If the active regeneration was allowed to continue for a longer period of time other than the specified durations in Table 7 , then there would not be enough PM within the CPF to obtain an accurate PM mass retained measurement.
CPF Temperature Distribution
The MPF model was validated using the experimental temperature distribution data recorded for the experimental studies in references [4, 5] . The CPF thermocouple layout used for the temperature distribution measurements is shown in Fig. 3 . The detailed specifications of the thermocouples are shown in Table 8 in Appendix 1.
MPF Model Overview
The MPF model developed in reference [1] by the same authors is used for this research. The MPF model works on the principle of resistance node methodology to determine the temperature at each node using the neighboring node values. The model has four sets of input variables; (i) instantaneous exhaust mass flow rate (m : ), (ii) CPF inlet concentrations (C PM , C NO2 , and C O2 ), (iii) CPF inlet temperature (T in ), and (iv) CPF inlet gas pressure (P in ). In addition, the model has 15 constants and 7 calibration parameters as documented in reference [1] . Using the set of inputs, model constants, and calibration parameters, the model simulates the time varying temperature and PM loading distribution within the CPF from node to node. An explicit finite difference solver is used to determine the temperature at each time step (0.01 s) from previous time step values. The model inputs are sampled at 0.2 Hz. In the MPF model, the CPF is modeled as a user configurable number of axial and radial zones as shown in Fig. 4 . Fig. 2 Overview of the stages of the active regeneration experiments in this study-adapted from reference [3] Fig. 3 CPF thermocouple layout [4, 5] The filter and gas energy Eq. (1) is employed at each zone,
where T f is the filter substrate temperature. The detailed formulation for the terms used in Eq. (1) is explained in reference [1] .
In the MPF model, PM oxidation by NO 2 assisted and thermal (oxygen (O 2 )) mechanisms are included. The CPF inlet temperature variation is accounted for using the thermal boundary layer equations. The CPF heat transfer is modeled using conduction, convection, and radiation equations. The MPF model presented in reference [1] was calibrated using the 18 experimental runs from references [3] [4] [5] using a twostep calibration process. The detailed model development equations and model calibration process is explained in reference [1] .
Model Discretization Study
A parametric study was carried out to determine the optimum required number of zones in the MPF model in the range of 5×5 to 20×20 zones for aftertreatment control applications. The filter substrate temperatures during active regeneration (450-600°C) are higher than the passive oxidation (250-400°C). The high temperatures during active regeneration results in increased temperature distribution (AR-B10-1 experiment: average temperature during active regeneration: 530°C, radial temperature distribution ≅40°C, axial temperature distribution ≅12°C), and highly non-uniform PM distribution within the filter. Hence, one of the active regeneration experiments (AR-B10-1 experiment listed in Table 7 ) was used as a reference experiment for the discretization study. The MPF model used the model constants, PM kinetic parameters, heat transfer coefficients, and filter density parameters developed in reference [1] for all three cases (5×5, 10×10 and 20×20 zones).
An explicit solver-based finite difference approach is used to solve the temperature at each time step. The explicit solver time step was 0.01 s to achieve numerical stability up to the 20×20 zone model. The simulation model time step was set to 5 s (fixed time step) over the total test duration of approximately 7.33 h (26390 s) for the AR-B10-1 experiment. The total test duration varies with experiment. Figure 5 shows the model discretization size versus real time factor for the AR-B10-1 experiment. The real time factor is calculated as the ratio of model run time to the real time of the experiment. The real time factor of 1 indicates that the model runs as fast as real time. From Fig. 5 , the real time factor significantly increases with increasing the discretization size. In addition, the real time factor increases linearly as a function of total number of elements (25 nodes for 5×5 model, 100 nodes for 10×10 model, and 400 nodes for 20×20 model). The lowest real time factor is for the 5×5 zone model in which the MPF model takes 3.9 % of total real time or about 25 times faster than the real time. It is important to note that the MPF model was run on a laptop computer with the specifications of 12 GB RAM, 64 bit, and Intel core i7 processor. The typical ECU used on engine applications [18] have 32 bit and 200 MHz processors. However, Matlab is a high level programming language and it is approximately 10× slower than the C language that closely mirrors the assembly language that processors commonly use. Depcik and Assanis [19] showed that for a sample problem presented in reference [19] , the C code runs 18.1× faster than the Matlab code. Hence, with an optimized C code, the MPF model with low computational requirement like the 5 × 5 and 10 × 10 zone shows high potential to run as part of a conventional ECU or a dedicated ECU that manages CPF functions exclusively. Further, Fig. 6a , b shows the real time factor for the individual time steps for two repeat runs (run 1 and run 2) of the 10×10 zone model. The 10×10 zone model was used as a reference for this study because it shows better trade-off for computational efficiency and accuracy as shown later in this section. From Fig. 6a , the maximum real time factor is less than 0.12 and most of the steps run with the real time factor of ≅0.08. Similarly, from Fig. 6b , the maximum RT factor is less than 0.17 and most of the steps run with RT factor of≅0.08. The differences in maximum real time factor values between run 1 and run 2 (0.12 versus 0.17) may be from the differences in PC run times because of the back ground process not from the MPF model. From Figs. 6a, b, the MPF model runs real time in each time step with the maximum real time factor in the range of 0.12 to 0.17 and most of the points run with the real time factor of 0.08. Considering the small real time factor (<0.17), the 10×10 zone MPF model shows good capability to run within the ECU in real time. Figure 7 shows the model discretization size versus PM mass loading during the AR-B10-1 experiment. From Fig. 7 , the 10×10 zone model shows close agreement (<0.3 g at the end of post-loading) with the experimental data. The 5×5 zone and 20×20 zone models underpredict the PM loading by 0.9 and 0.7 g, respectively, at the end of post-loading (at 7.3 h). Figure 8a , b, c show the PM loading distribution with three levels of MPF model discretization (5×5, 10×10, and 20×20 zones). From Fig. 8a , b, c, the PM loading distribution below radiuses of 60 mm are close to one another. The PM distribution contours are showing slightly different shapes, and relative positions are slightly different between the discretization sizes. However, the actual PM distribution differences are small (within 0.1 g/L). This is mainly because the temperature distribution is approximately uniform (within 10°C) along the radial direction up to the filter radiuses of 60 mm as shown later and hence, the discretization size is not affecting the PM loading distribution. The temperature gradient increases significantly over filter radiuses 60 mm (≅ 40°C). The 10×10 zone and 20×20 zone models show similar filter loading over 60 mm radiuses with the maximum filter loading of 2.4 g/L. The 5×5 zone model underpredicts PM loading by ≅0.4 g/L at R=133 mm. From Fig. 8a , b, c, the 5×5 zone MPF model underpredict PM loading (≅ 0.4 g/L at R=133 mm) compared to the 10×10 and 20×20 zone MPF model, because of the coarse discretization in axial and radial direction whereas the 10 × 10 and 20 × 20 zone models shows close agreement (<0.2 g/L) with one another. To compare the accuracy of the temperature estimates between the discretization sizes, the root mean square (RMS) temperature error was determined from the measured and simulated substrate temperatures at C1-C16 thermocouple locations. The RMS temperature error was comparable (within 2°C) among 5×5, 10×10, and 20× 20 zone models. Table 3 summarizes the model accuracy versus computational time of the MPF model with three discretization levels and indicates that the 10×10 zone model offers the better trade-off compared to 5 × 5 and 20 × 20 zone models. In addition, using the 10×10 zone model allows further margin for future coding expansion related to the species concentration solver. An explicit finite difference solver is used to determine species concentrations. This solver requires further smaller time steps (<0.01 s) for stability because of the advection terms in the chemical species equations which would further slowdown the computation especially for the 20×20 model. Thus, the 10×10 zone model was selected as the optimum model configuration for this study. The simulation results in the rest of the paper are using the 10×10 zone MPF model. Using the 10×10 zone MPF model, all 18 runs were simulated. A single set of model constants, PM kinetic parameters based on fuel type and heat transfer coefficients from reference [1] , are used for all 18 runs. Detailed comparison of the experimental data and MPF model results for PM mass retained is provided in Table 9 , Appendix 2. The maximum absolute error for the end of stage 4 of PM loading is 3.8 g for PO-B10-17 experiment, and the RMS error considering all 18 experiments were less than 2.1 g. In the following section, the detailed analysis of the MPF model results with experimental data for ULSD, B10, and B20 fuels are presented.
Results and Discussion
Analysis of PM Kinetics Parameters
The MPF model was parameterized using the same two-step calibration process in reference [1] . The PM oxidation in the MPF model includes thermal (O 2 ) and NO 2 assisted PM oxidation. The overall PM oxidation (d
dtÞ by thermal O 2 and NO 2 assisted PM oxidation in the MPF model is given as [12, 20] :
where α O 2 and α NO 2 are the indexes of the completeness of the reactions characterizing the selectivity towards CO or carbon dioxide (CO 2 ) production. The Arrhenius reaction rates (k o 2 and k NO 2 ) are given as:
where Tf i,j is the temperature of combined filter and PM cake at each zone (i, j). Table 4 show the calibrated PM kinetic parameters for ULSD, B10, and B20 fuels.
The following section shows the analysis of PM kinetic parameters using Arrhenius plots for ULSD, B10, and B20 fuels during NO 2 and thermal (O 2 ) assisted PM oxidation. Figure 9 shows the plot of natural logarithms of individual NO 2 -assisted reaction rate constants plotted against the inverse of the average absolute temperature measured during passive oxidation phase of the experiment (Arrhenius reaction rates). The NO 2 -assisted reaction rate constant determines the rate of PM oxidation reaction and it depends on the passive oxidation temperature shown in Table 6 , Appendix 1. From  Fig. 9 , three distinct reaction rates can be determined for each fuel type. The natural logarithms of reaction rate increases as a function of temperature linearly for B10 fuel. On comparing the activation energies between fuels (Table 4) , B10 fuel shows lower reaction rate at a given temperature compared to B20 and ULSD fuels. The B10 fuel shows 5.4 % higher activation energy, and B20 shows 3.8 % higher activation energy compared with ULSD fuel. Due to the lack of experimental data for passive oxidation experiments for ULSD fuel type, the PM kinetics for ULSD fuel were determined by simulating the stage 1-2 loading portion of ULSD active regeneration experiments. On comparing the activation energy determined from Fig. 9 Arrhenius reaction rate analysis with reference [21] , Kandylas et al. proposed the activation energy value of 40 kJ/gmol for NO 2 assisted PM oxidation reaction with low sulfur content fuel. Further, they also studied the sensitivity of a range of activation energies (from 20 to 80 kJ/gmol) and showed that the model error is less than 1.3 % while assuming NO 2 assisted activation energy of 60 kJ/gmol as compared to 40 kJ/gmol. Hence, the activation energy determined in the calibration process is generally in agreement with reference [21] . Figure 10 shows the Arrhenius reaction rates for thermal (O 2 ) assisted PM oxidation. From Fig 10, three distinct trends can be observed corresponding to the fuel used during the experiment. In general, the reaction rate increases as a function of temperature for all the fuel types. The B20 fuel shows a higher reaction rate followed by B10 and ULSD fuels. On comparing the activation energies between fuels (Table 4) , the activation energy of B20 fuel is 1.9 % lower than the B10 fuel and 5.8 % lower than the ULSD fuel. The activation energy determined from the calibration procedure is comparable with the value determined (152 ± 5 kJ/gmol) by Haralampous et al. [22] for thermal (O 2 ) assisted PM oxidation from engine experiments.
Passive Oxidation Results
The passive oxidation experimental data used for the model calibration are listed in Table 6 in Appendix 1. From Table 6 , the filter substrate temperature during passive oxidation is between 250 and 400°C. During passive oxidation, most of the PM mass retained in the filter substrate is oxidized by the NO 2 assisted PM oxidation mechanism and it takes 42 to 101 min for PM mass oxidation to complete. This affects the heat transfer, temperature, and filter loading distribution within the filter. This is mainly because of the differences in the reaction rates with NO 2 assisted PM oxidation mechanism (passive oxidation reaction rates are 7.5 to 8.5 times lower than active regeneration reaction rates) and its effect on overall PM loading and temperature distribution. The MPF model accounts for the NO 2 assisted PM oxidation using Eqs. 2 to 4. The results of one such passive oxidation experiment is presented in the following section. The comparison of the passive oxidation experiment with the active regeneration experiment in terms of temperature and PM loading distribution is presented later in the paper (Section 6.8). Figure 11 shows the radial temperature distribution of PO-B10-15 experiment measured by C1-C4 thermocouples (shown as continuous lines) and the temperatures simulated by the MPF model (shown as dotted lines) at 32 mm from filter inlet along with the CPF inlet temperature measured upstream of the CPF. From Fig. 11 , the simulation temperature prediction error (absolute) is within 12°C excluding the temperature spikes related to the experimental procedure and transition phase of moving in and out of the PO phase of the experiment. The temperature error during the PO transition phase of the experiment is up to −15/+20°C. This is due to the large temperature gradient during PO transition phase (start and end), and the model takes time to follow the actual temperature increase.
Temperature Distribution
It is important to note that the temperature measured by the thermocouple at location C4 is the lowest compared to all other thermocouple temperature measurements which can be attributed to the significant temperature drop due to the ambient convection at this location (C4 is located close to the outer Fig. 9 Arrhenius reaction rates for NO 2 -assisted PM oxidation Fig. 10 Arrhenius reaction rates for thermal (O 2 ) assisted PM oxidation wall). Another key observation from Fig. 11 is that the temperature drop in the radially outward direction is due to the convective and radiative heat transfer at the outer surface of the filter wall during the experiment (0 to 6.9 h). The MPF model was able to simulate this effect using the thermal boundary layer equations explained in reference [1] . Figure 12 shows the experimental temperature distribution measured by all 16 thermocouples (solid lines) and temperatures simulated by the MPF model (dashed) at 4.36 h (15 min after switching to passive oxidation engine operating condition). The engine operating condition at 4.36 h is chosen to compare the model prediction accuracy at high temperature regions of the experiment. The inlet temperature to the MPF model was simulated using Eq. (5), and the inlet mass flow rate fraction was simulated using volume ratio of the inlet channels in each zone while accounting for the average PM cake layer thickness at each zone as shown in Eq. (6) . The detailed formulation of Eqs. 5 and 6 are documented in reference [1] . is the mass flow rate at each zone. Ves i,j is the empty volume in each zone while accounting for the average PM cake layer thickness.
From Fig. 12 , it is evident that the MPF model follows the experimental data. The maximum absolute temperature difference between the experimental and simulation data is ≅ 10°C. From Fig. 12 , the filter substrate temperatures for radiuses less than 80 mm are approximately constant. A slight increase (1-2°C) in axial temperature is due to the local PM oxidation. The substrate temperature close to the wall shows a slight decrease in temperature due to the dominant convection heat losses to the ambient compared to the local PM oxidation. Figure 13 shows the comparison of average (arithmetic), minimum, and maximum filter substrate temperatures for the PO-B10-15 experiment along the axial direction at 4.36 h (15 min after switching to the PO engine operating condition). The solid lines show the average filter substrate (arithmetic) temperature along the axial direction (calculated by averaging the substrate temperatures in all radial zones at a given axial length), and the dashed lines show the range of filter substrate temperature distribution (minimum and maximum substrate temperature along the radial direction) for a given axial section. The distance between two dashed lines (minimum and maximum) indicates how widely the temperature varies within the substrate along the radial direction. The spatial position of the average solid line relative to the dashed lines indicates the dominant temperatures in the CPF. The uniformity index of the temperature distribution (UI T ) is calculated using the following formulae:
where σ T is the standard deviation of filter substrate temperature over the entire filter. μ T is the average filter substrate temperature over the entire filter From Fig. 13 , the average temperature along the axial direction is almost similar between experimental and simulation data (within 2°C). While comparing the average filter temperature over the entire filter (sum of all axial and radial zone temperatures), the MPF model simulation and experimental data are within 0.5°C. The UI T of the experimental data is 0.96 (meaning the standard deviation of the filter substrate temperature is 4 % of the average substrate temperature) and the UI T of the simulation data is 0.97 (1 % higher than experimental data). Based on the above analysis, the UI T of the experimental and simulation data are similar and within 1 % for the PO oxidation test conditions. Figure 14 shows the comparison of average (arithmetic), minimum, and maximum overall reaction rates of the experimental and simulation data along the axial direction. The overall reaction rate was calculated using the following equation,
where RR ov is the overall reaction rate. Arrhenius reaction rates (k O 2 and k NO 2 ) were calculated using Eqs. (3) and (4). The uniformity index of the overall reaction rate (UI RR ) is calculated using the following formulae
where σ RR is the standard deviation of overall reaction rate of the entire filter. μ RR is the average overall reaction rate of the entire filter. ) attributing this to the lower filter substrate temperature in the simulation as shown in Fig. 13 . The UI RR of the simulation is 13 % higher than the experimental data (simulation UI RR is 0.80 and experimental UI RR is 0.73). The UI RR is much lower than the UI T (simulation UI RR is 0.80 versus simulation UI T is 0.97) indicating a 3 % change in UI T causes 20 % change in UI RR , which results in non-uniform distribution of PM oxidation and distribution within the filter substrate. This is mainly because the PM oxidation rate in the Arrhenius reaction rate equations (Eqs. 3 and 4) have an exponential relationship with the filter substrate temperature. Figure 15 shows the cumulative PM mass retained in the filter in comparison with the cumulative inlet PM mass and PM oxidation masses. NO 2 assisted PM oxidation is the dominant mode of PM oxidation shown by the dashed line because of the NO 2 concentration (101 ppm). The thermal (O 2 ) assisted PM oxidation is low (<0.3 g) compared to NO 2 assisted PM oxidation due to the lower exhaust gas temperature during the PM oxidation (355°C). From Fig. 15 , the MPF model simulated the PM mass retained within the filter substrate with the maximum absolute error of 2.3 g between the experimental and the simulated PM mass retained at the end of the stage 3 loading phase of the experiment. Figures 16 and 17 show the PM mass loading distribution at the start and end of PM oxidation by passive oxidation. From Figs. 16 and 17 , the PM loading is almost uniform (2.3 ± 0.04 g/L) at the beginning of oxidation, whereas the PM loading distribution significantly varies at the end of passive oxidation. The minimum PM mass loading is 0.91 g/L and increases to a maximum value of 1.9 g/L at the outer radius of the filter substrate. This is mainly due to the lower exhaust gas temperature at the outer radius of the filter due to the ambient convective and radiative heat transfer compared to the center of the filter substrate. Figure 18 shows the simulated PM mass loading distribution along the axial and radial direction at the end of postloading for the PO-B10-15 experiment. From Fig. 18 , the PM loading distribution at the end of post-loading is also non-uniform (1.78 to 2.5 g/L). Comparing Fig. 18 with Fig 17 , the non-uniform PM loading originated during PM oxidation by passive oxidation due to the temperature gradient within the filter and the non-uniform PM loading continued further during the post-loading phase of the experiment. Figure 19 shows the axial and radial distribution of PM loading measured by Foley [17] for the same engine in this study for the passive oxidation case (average CPF temperature 348°C, NO 2 concentration of 196 ppm, and ULSD fuel type) with the end of passive oxidation PM mass loading of 3.25 g/L. Comparing Figs. 19 and 17 , the simulation model data shows the uniform filter loading along the length the filter whereas the experimental data in Fig. 19 shows the uniform PM loading up to axial length ratios of 0.7 (filter length <215 mm). For axial length ratios >0.7 (filter length >215 mm), the experimental data shows an increase in PM loading close to the outlet end of the substrate (axial length ratios >0.7 or filter length >215 mm). This may be explained by PM cake and ash particle transport mechanisms (regeneration-induced and flow-induced) proposed by Sappok et al. [23] using the optically accessible filter core sample in a catalyst bench reactor. During passive oxidation of PM, the particle in contact with washcoat oxidizes the PM cake and reduces the adhesive force [23] which aids in particle detachment and transports towards the plugged end of the filter substrate. This particle transport mechanism is not included in the MPF model. The PM loading experimental data close to the inlet (axial length ratios <0.05) and outlet sections (axial length ratio >0.97) are considered to be less accurate due to the error associated with the scanning procedure and PM loading analysis methodology around the channel plugs [17] . The radial distribution of PM loading with the experimental data shows a slight reduction in radially outward (subplot 19d-diameter of 231-267 mm) direction. This may be due to the uncertainties associated with the terahertz analyzer ability to scan at the outer surfaces [17] . Both the simulation model and experimental data show relatively uniform PM loading radially from the 80 mm radius to the centerline of the filter. This is consistent with uniform temperature trends observed from the experimental data and the MPF model results. Figure 20 shows the comparison of average, minimum, and maximum PM mass loading distribution at the start and end of the PM oxidation for PO-B10-15 experiment. The solid lines show the average PM mass loading along the axial direction (calculated by averaging the PM loading in all radial zones at a given axial length) and the dotted lines show the range of PM loading distribution (minimum and maximum PM loading along the radial direction) for a given axial section. The uniformity index of the filter loading distribution (UI PM ) is calculated using the following formulae:
PM Mass Retained
where σ PM is the standard deviation of PM mass loading over the entire filter. μ PM is the average PM mass loading over the entire filter.
From Fig. 20 , the average simulated PM mass loading distribution at the start of PM oxidation by passive oxidation is uniform along the axial direction (within 2.29 ± 0.01 g/L). The minimum and maximum filter loading within each axial section (radial variation) is small (within 2.27 to 2.35 g/L). Hence, the UI PM is 0.99, indicating uniform PM loading distribution within the filter. The simulated average PM mass loading at the end of PM oxidation by passive oxidation is 1.09 g/L and a small increase (1.05 to 1.12 g/L) in average PM mass loading axially towards the end of the filter. The minimum and maximum filter loading distribution (radial distribution) within each axial section is also increased (0.90 to 1.89 g/ L) as shown by the dotted lines. Hence, the UI PM at the end of PM oxidation is reduced to 0.78, indicating non-uniform distribution of PM loading within the filter, mainly caused by the non-uniform temperature and reaction rate distribution during the PM oxidation as shown in Figs. 12, 13, and 14 .
Comparing the PM distribution trends of Fig. 20b with Fig. 19 , the simulation data in Fig. 20b shows the uniform PM loading along the axial direction (1.05 to 1.12 g/L) and experimental data in Fig. 19 also show a uniform loading of 3 to 3.1 g/L (arithmetic average of radial sections 1 to 4) for axial length of ratios >0.1 and <0.7. The PM loading differences in other sections (for axial length ratios <0.05 and >0.7) were discussed in earlier paragraphs. Both the simulation model and experimental data shows spatial distribution of PM loading. The spatial variation of filter loading distribution in simulation (Fig. 20b) is 0.92 to 1.89 g/L, and the experimental data ( Fig. 19 ) is 2.8 to 3.3 g/L (for an axial length ratios of 0.1 to 0.7). One of the reasons for the smaller spatial distribution of experimental data is that the distribution is based on 95 % percentile (difference between 97.5 and 2.5 percentiles) loading values whereas the simulation data is based on absolute minimum and maximum (0 and 100 %) values at each axial location. Figure 21 shows the average, minimum, and maximum simulated PM mass loading distribution at the end of postloading (end of stage 4) for the PO-B10-15 experiment. From Fig. 21 , the average PM loading is increased to 1.96 g/ L (from 1.09 g/L at the end of PM oxidation) and the UI PM is improved to 0.87 (from UI PM of 0.78 at the end of PM oxidation) at the end of post-loading. Comparing Fig. 21 with Fig.20b , the gap between the dashed lines in Fig. 21 and dotted lines in Fig.20b is similar (within 0.01 g/L), indicating that the non-uniform distribution caused by PM oxidation remained in the post-loading phase. However, the uniformity index is improved at the end of post-loading due to the increase in average PM loading for a similar level of PM loading distribution (standard deviation of PM mass loading at end of PM oxidation is 0.24 g/L and at the end of post-loading is 0.25 g/L). Figure 22 shows the PM cake layer thickness variation along the radial direction simulated by the MPF model. From Fig. 22 , PM cake layer thickness varies significantly in the radial direction during the passive oxidation phase of the experiment. The varying cake layer thickness is observed until the end of the post-loading phase of the experiment. At the end of post-loading, the PM cake layer thickness at the center of the filter (R= 0 mm) was 19 μm whereas the PM cake layer thickness was 24 μm at the outer radius of the filter (R=133.5 mm). Figures 23 and 24 show the PM cake layer thickness variation along the axial direction for the center zone (R=0 mm) and outer most zone (R=133.5 mm) of the filter substrate. From Figs. 23 and 24, PM cake layer thickness is axially uniform during the loading phase of the experiment (from 0 to 3.87 h) whereas from the beginning of post-loading (5.46 h) to the end of post-loading (6.9 h), the PM cake layer thickness varies nonuniformly as shown in Fig. 24 . At the end of post-loading (6.9 h), the minimum cake layer thickness is 23.8 μm at the inlet of the filter (x/L=0) and maximum cake layer thickness is 29.2 μm at the outlet of the filter substrate (x/L=1.0). The increase in PM cake layer thickness towards the end of the filter (x/L=1.0) is mainly because of lack of PM oxidation in the radially outward direction due to the lower substrate temperature compared to the center zone of the filter.
Active Regeneration Results
The active regeneration experimental data used for the model calibration are listed in Table 7 in Appendix 1. The filter substrate temperatures during active regeneration experiments are in the range of 450-600°C which is higher than the passive oxidation experiments explained in the previous section. The active regeneration experiments are short in duration (6 to 39 min) because of the high PM oxidation rates. The PM oxidation during active regeneration is governed by thermal (O 2 ) assisted PM oxidation mechanism. Considering the higher filter substrate temperature and short PM oxidation duration and its effect on the heat transfer, temperature, and filter loading distribution within the filter, the MPF model validation was also carried out on one sample active regeneration experiment (AR-B10-1). The results are presented in the following section. Figure 25 shows the radial temperature distribution of the AR-B10-1 experiment as measured by C1-C4 thermocouples and temperatures simulated by the MPF model at the inlet of the R: Radial distance filter. The inlet flow and temperature distribution to the model were simulated using Eqs. 5 and 6 shown in the earlier section.
Temperature Distribution
As shown in Fig. 25 , the temperature distribution simulated by the MPF model is within (12°C) of the experimental data (excluding the temperature spikes related to the experimental procedure and transition phase of moving in and out of the AR phase of the experiment). Active regeneration experiment AR-B10-1 also shows significant temperature drop (≅ 40°C) close to the outer surface of the filter substrate (R=122 mm) during the active regeneration phase of the experiment (15 min after the fuel dosing begins). Figure 26 shows the experimental (solid lines) and simulated temperature (dashed lines) distribution for the AR-B10-1 experiment at 5.63 h (15 min after start of fuel dosing). From   Fig. 26 , the experimental filter substrate temperature shows an increase in temperature (10-12°C at filter radius below 40 mm) axially due to the local PM oxidation. The substrate temperature close to the wall shows a lower increase in temperature axially (5°C approximately) due to the dominant convection and radiative heat loss to the ambient compared to the local PM oxidation. The MPF simulation model also shows an increase in temperature (5°C) in the axial direction due to PM oxidation; however, the magnitude of increase is low compared to the experimental data. The model in reference [1] assumed constant temperature at radius r=0. In this manuscript, the boundary condition assumption was revised to zero gradient to be consistent with symmetry boundary conventions. The temperature differences between two boundary conditions (constant temperature versus zero gradient boundary) are≅4°C at radius=0. This difference is even smaller (<1°C) for the passive oxidation cases. However, the passive oxidation (PO-B10-15) and active regeneration plots (AR-B10-1) results were updated with the new results. The maximum error observed in simulation of PM retained is less than 0.1 g with zero-gradient boundary compared with constant temperature boundary condition. However, the model simulation results for PM mass retained were also updated with zero gradient boundary condition for all 18 experiments (Table 9 ). Figure 27 shows the average filter substrate temperature (arithmetic average of all the temperature data) comparison of the experimental and simulation data. The UI T for the filter was calculated using Eq. (7). From Fig. 27 , the average temperature of the MPF model simulation is 5°C lower than the experimental data. The minimum filter substrate temperature of the simulation is lower than the experimental data by 20°C towards the end of the filter (axial length ratio=0.90). The UI T of the MPF model simulation was the same as the experimental data (simulation and experimental UI T =0.97), indicating a similar temperature distribution (standard deviation of filter substrate temperature is the same) within the filter in the simulation and experimental data. The differences in the shape of the temperature curves for axial length ratios >0.5 is mainly due to the increase in axial temperature (≅10°C in average temperature and≅20°C close to outer radiuses) in the experimental data. This axial temperature increase is not captured very well in the simulation, especially close to the outer radiuses (the temperature differences between simulation and experimental data are <8°C at r=0). Figure 28 shows the average (arithmetic average of all reaction rates), minimum, and maximum overall reaction rates comparison of the experimental and simulation data. The overall reaction rate was calculated using Eq. (8) . The uniformity index of the reaction rate was calculated using Eq. (9). The overall reaction rate of the simulation data is lower than the experimental data (simulation: 1.45E-03 s ) due to lower filter substrate temperature in simulation data (6°C from Fig. 27 ) compared to the experimental data. The UI RR of the simulation and experimental data are similar (simulation UI RR is 0.61 and experimental UI RR is 0.63). It is important to note that the UI RR is much lower than the UI T (UI RR is 0.63 versus UI T of 0.97), indicating that a 3 % change in the UI T causes a 37 % change in UI RR due to the exponential relationship of temperature in the Arrhenius reaction rate equation. This results in non-uniform PM oxidation and distribution within the filter substrate. Comparing with the PO reaction rates in Fig. 14 , the AR overall reaction rate is 7.5 to 8.5 times higher than the PO reaction rate (simulation overall reaction rate for AR test condition: 1.45E-03 s ). This indicates that for similar UI T between PO and AR test conditions (PO simulation UI T =0.97, AR simulation UI T = 0.97), the AR test conditions cause more non-uniform PM oxidation and distribution than the PO test conditions. Figure 29 shows the cumulative PM mass retained in the filter in comparison with the cumulative inlet PM and PM oxidation masses. From Fig. 29 , thermal (O 2 ) assisted PM oxidation is the dominant mode of PM oxidation shown by the dotted line because of the increased reaction rate due to the higher exhaust gas temperature (530°C) and O 2 concentration (7.8 %). The overall PM oxidized (at the end of post-loading at 7.33 h) by thermal (O 2 ) assisted PM oxidation is 82 % whereas the NO 2 assisted PM oxidation is 18 % due to the lower NO 2 concentration in the exhaust gas. The MPF model simulated the PM mass retained in the filter substrate and the maximum absolute error between experiment and the simulation is 2.8 g at the end of stage 2 loading condition. Figures 30 and 31 show the PM mass loading distribution at the start and at the end of the PM oxidation during the AR phase of the experiment. Figure 32 shows the PM mass loading distribution at the end of post-loading. From Figs. 30 and 31, the PM loading is almost uniform at the beginning of the active regeneration experiment (<0.14 g/L variation in PM loading across entire filter) whereas at the end of active regeneration, the PM loading distribution varies significantly. The minimum PM mass loading is 0.4 g/L up to a filter radius of 80 mm and increases to a maximum value of 2.6 g/L at the outer radius of the filter substrate. This is mainly due to the lower exhaust gas temperature at the outer radius of the filter due to the ambient convective and radiative heat loss compared to the center of the filter substrate. Comparing with passive oxidation PM loading shown in Fig. 17 , the filter loading distribution varies significantly (from 0.2 to 2.4 g/L) for active regeneration experiments, which is attributed to the large temperature gradient associated with the active regeneration experiments. From Fig. 32 , the PM loading increases (by 0.8 to 0.9 g/L) at the end of post-loading compared to the end (Fig. 31) . The PM loading distribution is similar to the end of PM oxidation (minimum at the center of the filter and maximum at the outer radius of the filter) condition as shown in Fig. 31 . Figure 33 shows the axial and radial distribution of PM loading measured by Foley [16] for a similar active regeneration experiment (526°C active regeneration temperature and 7.5 % O 2 concentration at CPF inlet) with the post-active regeneration PM mass loading of 2.22 g/L (PM loading before start of active regeneration was 3.06 g/L) using ULSD fuel.
PM Mass Retained
Comparing Fig. 31 with Fig. 33 , the MPF model and the experimental PM loading distribution shows the uniform loading of the filter substrate at the end of PM oxidation for the active regeneration experiment up to filter radiuses 66 mm.
The PM loading distribution in the simulation (Fig. 31) shows the small axial gradient between 0 and 66 mm filter radiuses (0.24 to 0.3 g/L). However, it is less than the 95 % range given in Fig. 33 (0.14 g/L for filter radiuses up to 66 mm). Hence, considering the small axial variation in the experiment and simulation data, the PM loading is uniform for simulation and experimental data up to filter radiuses 66 mm. The experimental PM loading trend shows an increase in PM loading towards the end of the filter substrate (5 % higher than the average filter substrate loading). However, the MPF model shows a slight decrease in the PM loading trend till the middle section of the filter substrate (R<80 mm) and an increase in PM loading from the middle section to filter substrate outer radius sections (R>80 mm). The decrease in PM loading for filter radiuses less than 80 mm in the MPF model could be attributed to increased PM oxidation due to the higher temperature in the axial direction towards the middle to the end sections of the filter as shown in the temperature distribution plot (Fig. 26 ). The MPF model shows a consistent increase in PM loading towards the outer section of the filter substrate consistent with the reduction in the filter substrate temperature. The PM loading increase towards the outlet end of the filter could be explained by PM cake and ash transport mechanisms proposed by Sappok et al. [23] as explained in the passive oxidation results section. The experimental PM loading towards the outermost edge of the filter substrate shows a decrease in PM loading due to the lack of measurement capability of the terahertz wave scanner close to the wall surfaces. Figure 34 shows the comparison of average (arithmetic), minimum, and maximum simulated PM mass loading distribution at the start (5.38 h) and end of the PM oxidation (5.82 h) for the AR-B10-1 experiment. The solid lines indicate the average PM mass loading for a given axial section (calculated by averaging the PM loading in all of the radial zones corresponding to the axial section) and the dotted lines show the range of PM loading distribution for a given axial section (minimum and maximum radial PM loading for a given axial section). From Fig. 34 , the simulated PM mass loading distribution at the start of PM oxidation is uniform along the axial direction (within 2.80 ± 0.01 g/L). The spread within each axial section (radial variation) is also minimum (within 2.76 to 2.93 g/L) as shown by the dotted lines. Hence, the UI PM is 0.98, indicating more uniform PM loading within the filter. The simulated PM mass loading at the end of PM oxidation is shown by the subplot Fig. 34b . At the end of PM oxidation by active regeneration, the average PM loading is 0.60 g/L and there is a slight increase (0.51 to 0.65 g/L) in average PM mass loading axially towards the end of the filter. The spread within each axial section is also increased (minimum loading 0.19 g/L and maximum loading 2.4 g/L) as shown by the dotted lines. Hence, the UI PM at the end of PM oxidation is reduced to 0.00 indicating very non-uniform distribution within the filter. Figure 35 shows the simulated average (arithmetic) PM mass loading distribution at the end of PM oxidation by active regeneration between the radial sections of the filter. From  Fig. 35 , the radial section 1 (diameter of 0 to 60 mm) and radial section 2 (diameter of 60 to 148 mm) shows a slight decrease (radial section 1: 0.28 to 0.21 g/L, radial section 2, 0.39 to 0.33 g/L) in PM loading towards end of the filter (axial ratio=0.95). However, the radial section 3 (148 to 267 mm, outer radiuses) shows an increase (0.92 to 1.56 g/L) in PM loading towards the end of the filter. Comparing filter loading at all three radial sections shows that most of the non-uniformity in PM loading distribution is from the radial section 3 because of the lower filter substrate temperature as shown by Fig. 26 . Figure 36 shows the simulated PM mass loading distribution at the end of post-loading for the AR-B10-1 experiment. From Fig. 36 , the average PM mass loading increased from Comparing Figs. 34 and 36, the PM loading is uniform at the beginning of the PM oxidation by active regeneration and becomes non-uniform at the end of PM oxidation and remains non-uniform until the end of post-loading. This implies that the PM oxidation by active regeneration causes the nonuniform PM loading distribution of the filter. This is mainly because of the variation in the overall PM reaction rates (as shown in Fig. 28 ) within the filter during active regeneration. Figure 37 shows the PM cake layer thickness variation along the radial direction predicted by the MPF model for the AR-B10-1 experiment. From Fig. 37 , PM cake layer thickness post-active regeneration varies significantly in the radial direction. At the end of post-loading, the PM cake layer thickness at the center of the filter was 12.3 μm whereas the PM cake layer thickness was 22.3 μm at the outer radius of the filter. This can be attributed to the lack of PM oxidation due to the lower filter substrate temperature as seen in the temperature distribution plot (Fig. 26) .
Figures 38 and 39 show the PM cake layer thickness variation along the axial direction for the center zone and outermost zone of the filter substrate predicted by the MPF model for the AR-B10-1 experiment. From Figs. 38 and 39 , PM cake layer thickness is uniform axially during the loading phase of the experiment (from 0 to 4.98 h) whereas during active regeneration (approximately 5 min after changing to AR engine conditions) and post-loading (from 5.82 to 7.33 h) the PM cake layer thickness varies non-uniformly in Figs. 38 and 39 . The cake layer thickness at the end of post-loading (7.33 h) is minimum at the inlet of the filter substrate (x/L=0, cake layer thickness= 22.1 μm) and maximum at the outlet of the filter substrate (x/L=1.0, cake layer thickness=36.9 μm). Table 5 shows the summary of MPF model results for PO-B10-15 and AR-B10-1 experiments. From Table 5 , active regeneration experiment (AR-B10-1) shows higher radial temperature drop (≅ 40°C at x/L=0.5) after 15 min into the PM oxidation phase compared to the passive oxidation experiment (PO-B10-15). The temperature uniformity index of the passive oxidation and active regeneration experiment is similar (UI T =0.96 to 0.97-after 15 min into the PM oxidation phase). However, the overall reaction rate uniformity index of the active regeneration experiment (UI RR for passive oxidation is 0.73 to 0.80 versus 0.63 to 0.61 in the case of active regeneration) is lower than the passive oxidation experiment. This is mainly due to the exponential relationship of the temperature (and its variation) with the Arrhenius reaction rate of the PM oxidation.
Summary of PO and AR Model Results
Comparing the simulated PM density loading distribution between the passive oxidation and active regeneration experiments, passive oxidation shows less variation in PM loading distribution (0.9 to 1.9 g/L) compared to the active regeneration (0.2 to 2.6 g/L) experiment throughout the entire filter. However, the active regeneration test conditions reach the lowest PM density loading (0.2 g/L) and PM cake layer thickness (12.3 μm) at the center zones of the filter, due to the high temperature PM oxidation for active regeneration that oxidizes the PM at a higher rate compared to the passive oxidation experiment test conditions.
Comparing the PM loading distribution (uniformity index) between passive oxidation and active regeneration experiments, the PM loading is uniform at the start of PM oxidation (UI PM = 0.98 to 0.99) for passive and active regeneration experiments. However, at the end of PM oxidation, the UI PM reduces to 0.78 for the passive oxidation experiment and reduces to 0.00 for the active regeneration experiment. This implies that the PM oxidation by active regeneration shows more non-uniform PM distribution compared to passive oxidation experiment. The post-loading of the filter increases the PM uniformity index (UI PM increases from 0.78 to 0.87 for passive oxidation and 0.00 to 0.60 for active regeneration) because of the increased average loading in the filter (passive oxidation 1.09 g/L to 1.96 g/L, active regeneration 0.60 g/L to 1.48 g/L) compared to end of PM oxidation test conditions.
Overall, the comparison of the experimental results to the MPF model confirms this model can predict temperature and filter loading distribution within reasonable agreement with the experimental measurements. Figure 40 shows the fraction of PM mass oxidized by NO 2 assisted and thermal (O 2 ) assisted PM oxidation reactions. The sum of these fractions will be equal to 1. Table 10 in Appendix 2 shows the fractional PM mass oxidized during passive oxidation and active regeneration phases for all 18 experiments simulated by the MPF model presented in this study. Curve fit results from the Michigan Technological University (MTU) 1-D model [13] are also included to compare with R: Radial distance simulation results from the MPF model. There is a good agreement between simulated fractions from both models. For the temperatures below 400°C, PM oxidation is dominated by the NO 2 assisted PM oxidation mechanism (>90 % of PM oxidized). However, for temperatures over 500°C, the PM oxidation is dominated by the thermal (O 2 ) assisted PM oxidation mechanism (>70 % of PM oxidized). Figure 41 shows the fraction of thermal (O 2 ) PM oxidation for ULSD, B10, and B20 fuels. From Fig. 41 , the B20 fuel shows increased PM oxidation rate compared to B10 and ULSD fuels. While comparing the temperature required for 50 % of thermal PM oxidation between the fuels, the B20 fuel requires about 10°C lower temperature than that of the B10 fuel and requires about 57°C lower temperature than that of the ULSD fuel. This is mainly due to the increased reaction rate for B20 and B10 fuels compared to ULSD fuels as shown in Fig. 10 . The increased PM oxidation rate from the above analysis is in agreement with the earlier research work on the blended B20 biodiesel. Boehman et al. [24] showed that the blended biodiesel alters the composition and nanostructure of the PM and increased the burn rates of the PM stored in the CPF. Vertin et al. [25] also showed an increased regeneration efficiency with B20 biodiesel compared to ULSD fuels.
Analysis of PM Mass Oxidized
Thermal PM Oxidation by Fuel Type
Regeneration Time Based on Fuel Type
The PM regeneration time during the experimental conditions varies based on inlet concentrations (O 2 and NO 2 ), filter Fig. 42 in terms of regeneration time versus PM mass retained fraction (PM mass retained / initial PM mass). The purpose of this study is to quantify the regeneration time differences between the fuels caused by the differences in PM kinetics (activation energy and pre-exponential factors). Figure 42 shows the PM-retained fraction in the filter as a function of regeneration time from the initial loading. From Fig. 42 , comparing the PM mass retained at the end of 8 min into the PM oxidation, 59 % of initial mass was retained while using ULSD fuel, 33 % of initial mass was retained with B10 fuel, and 18 % of initial mass was retained with B20 fuel. From this analysis, the B20 and B10 fuels show higher PM oxidation rates and require shorter regeneration time compared to ULSD fuel. Comparing regeneration time between fuels, for oxidation of 50 % of initial PM mass used in this study, the B10 fuel was 5.32 min (51 %) faster than the ULSD fuel and B20 was 7.07 min (68 %) faster than the ULSD fuel.
Summary and Conclusions
A MPF model developed in reference [1] was further extended to include UI analysis for temperature and filter PM loading distribution analysis within the filter. The MPF model was also applied and compared with extensive engine experimental data for wide operating conditions covering 6 passive oxidation and 12 active regeneration cases. In addition, the PM distribution trends from the MPF model were compared with experimental data from the terahertz wave scanner. The MPF model showed maximum absolute PM loading error of 3.8 g and RMS error of 2.1 g for all 18 experimental runs. From the experimental data presented in this paper for PO-B10-15 and AR-B10-1 experiments, the maximum RMS temperature error was within 10°C. A discretization study was conducted to determine the effect of the number of axial/radial zones on model run time and accuracy related to simulating temperature and PM loading distribution. The study showed that the MPF model with 10×10 zones has the optimum size with a good compromise between model run time and accuracy.
The specific findings from this work include 1. The 10×10 zone MPF model showed computation time of 12.2 times faster than real time. Using optimized C language codes for the ECU, the MPF model should be able to run in real time with the ECU for temperature and PM loading distribution estimation and control. 2. Temperatures within the filter substrate varies radially and axially. The radial temperature variation is significant and it is up to ≅ 32°C during PM oxidation by passive oxidation and ≅ 40°C during active regeneration. The axial temperature variation is small and it is≅12°C for active regeneration experiment and nearly not noticeable (passive oxidation and active regeneration), the UI RR is 0.73 to 0.80 during passive oxidation and 0.63 to 0.61 during active regeneration test conditions. The average overall reaction rate for active regeneration is 7.5 to 8.5 times higher than the passive oxidation reaction rate causing more non-uniform PM distribution for active regeneration conditions of the filter. 4. The simulated PM loading is uniform (within +/−0.1 g/ L) up to the filter radius of 80 mm (CPF diameter ratio= 0.52) at the end of PM oxidation (passive oxidation and active regeneration) and increases to a maximum value (1.9 g/L for passive oxidation and 2.6 g/L for active regeneration) at the outer radius of the filter substrate. 5. The radial PM non-uniformity is strongly affected by the radial temperature distribution. This is mainly because of the radial heat losses from the exhaust system and the CPF. Though the double wall thermal insulation is applied on the CPF, the radial temperature distribution initiates much before the inlet of the CPF and affects temperature and PM loading distribution in the entire CPF. 6. The active regeneration of the filter leads to non-uniform loading (minimum PM density loading of 0.2 g/L and maximum PM density loading of 2.6 g/L at the end of active regeneration) of the filter compared to the passive oxidation test conditions (minimum PM density loading of 0.9 g/L and maximum PM density loading of 1.9 g/L at the end of passive oxidation). 7. The PM loading is uniform at the start of PM oxidation (UI PM =0.98 to 0.99) and becomes non-uniform at the end of PM oxidation by passive oxidation and active regeneration (UI PM at the end of PM oxidation by passive oxidation is 0.78 and by active regeneration is 0.00). The non-uniform PM loading distribution continued until the end of the post-loading (UI PM at the end of post-loading was 0.87 and 0.60 for passive oxidation and active regeneration experiments respectively). 8. The NO 2 assisted and thermal (O 2 ) PM oxidation mechanisms aid in oxidizing the PM mass retained within the filter over a wide temperature range (200 to 600°C). For temperatures below 400°C, thermal (O 2 ) PM oxidation is less than 10 % and most of the PM (>90 %) is oxidized by the NO 2 assisted PM oxidation mechanism and for temperatures over 500°C, PM oxidation by NO 2 assisted mechanism is below 30 % and the thermal (O 2 ) assisted mechanism oxidizes over 70 % of PM mass retained. 9. The B20 fuel showed increased reaction rate compared to B10 and ULSD fuels during thermal PM oxidation. The activation energy (E O 2 ) of B20 fuel is 1.9 % lower than the B10 fuel and 5.8 % lower than the ULSD fuel. The increased reaction rate of B20 fuel lowers 50 % thermal PM oxidation fraction temperature by ≅ 10°C compared to B10 fuel and ≅ 57°C compared to ULSD fuel. 10. The increased reaction rate of B20 fuel reduces the time required for active regeneration of the CPF under the same PM initial load and temperature compared to B10 and ULSD fuels. Comparing regeneration time between fuels, for oxidation of 50 % of initial PM mass used in this study, the B10 fuel was 5.32 min (51 %) faster than the ULSD fuel and B20 was 7.07 min (68 %) faster than the ULSD fuel. 
